The WCll isolate of malignant catarrhal fever virus (MCFV) was purified by a method employing phase separation of the virus in an aqueous polymer system. Virus was grown in primary bovine thyroid cells. The virus released into the extracellular medium was purified. Initial concentration and partial purification of MCFV occurred after separation of the virus into the dextran phase following the addition of 10 % (w/v) polyethylene glycol and 8 % (w/v) dextran T10 to the extracellular virus. Further purification was achieved by centrifugation into a 20 % (w/v) Ficoll cushion followed by centrifugation to equilibrium by flotation in a 15 to 36 % (w/w) CsC1 or 30 to 60 % (w/w) sucrose gradient. Virus recovery was monitored using a plaque assay on bovine thyroid cells and ranged from 3 to 23 % of the input extracellular virus.
INTRODUCTION
The virus of the African form of malignant catarrhal fever (MCF) was originally isolated from wildebeest tissues (Plowright et aL, 1960) . The WCll strain, characterized as a herpesvirus, was originally cell-associated. After serial passage in calf kidney cells virus was released to the extracellular fluid (Plowright et al., 1965) . MCFV produces disease in cattle with high mortality and is apparently not virulent for its natural host, the wildebeest. Although it is classified as a bovine herpesvirus 3 (Herpesvirus Study Group, 1973) , Reid et aL (1975) have suggested that MCFV be classified as an alcephaline herpesvirus.
Detection of MCFV isolates from tissues is often difficult since infected loci in tissue culture are small and do not progress (Plowright, 1968) . As a result, the direct fluorescent antibody test (Ferris et aL, 1976; Wibberley, 1976) and the indirect fluorescent antibody test (Rossiter et al., 1977) are used as an aid for the detection of MCFV in tissue culture. Since purified antigens may improve the specificity of diagnostic tests, we have developed a method for the purification of MCFV.
Herpesviruses are difficult to purify due to the fragility of the virion envelope, which may be disrupted by rapid changes in osmotic pressure (Barnhart & Ash, 1975) . Gradients of low osmolarity have been used to reduce osmotic effects on the herpesvirion during centrifugation. Dextran (Spear & Roizman, 1972) , colloidal silica (Vahlne & Blomberg, 1974) or Percoll (Svennerholm et al., 1980) gradients are suitable for herpes virus purification. Gentle methods of concentrating virus such as precipitation with polyethylene glycol (PEG) (Adams, 1973; Perdue et aL, 1974) or ammonium sulphate (Lawrence, 1976) have also been used. Separation of virus in an aqueous polymer phase system is another method used for the concentration of viruses (Albertsson, 1967) . A dextran and PEG system has been used to separate cell surface membranes (Brunette & Till, 1971) , red blood cells (Walter et aL, 1978) and to purify Japanese encephalitis virus (Shichijo, 1976) . We have developed a new method for the purification of litre amounts of MCFV from extracellular fluid. Phase separation from a dextran T10 and PEG system is employed followed by flotation of the virus to equilibrium on CsC1 or sucrose gradients.
METHODS
Virus. The high passage strain WC11 of MCFV was used, which was isolated from a wildebeest calf by Plowright et al. (1960) . The virus was originally received from the East African Veterinary Research Organization, Muguga, Kenya by Dr M. Kalunda. It had 19 passages in calf kidney and approx. 55 passages in calf thyroid (BT) cells. A large stock of the cell-free virus was prepared in BT cells. It was dispensed into 1 ml amounts and stored at --70 °C.
Cell culture. Primary BT cells were grown in 2 1 Baxter bottles in medium containing equal volumes of Hanks' lactalbumin hydrolysate and minimal essential medium (MEM) in Hanks' saline plus 10% bovine serum. Cultures were incubated at 37 °C and rotated on a roller mill at 1 rev/h. Confluent monolayers were washed with serum-free medium and inoculated at a multiplicity of infection of 0-01. After a 30 min adsorption period, 200 ml of medium containing 2% bovine serum was added. Cultures were incubated for 4 to 5 days at 37 °C. The supernatant fluid was harvested when about 50 % of the cells showed lysis. Fluids were clarified by centrifugation at 2000 rev/min for 20 min in an International Centrifuge, Model PR-J.
Plaque assay. Primary BT cells were grown in 60-mm plastic Petri dishes. Tenfold dilutions of virus were made, and each of two monolayers was inoculated with 0.1 ml of inoculum. After a 2 h adsorption period at 37 °C, monolayers were overlaid with modified MEM (Schloer & Hanson, 1968) containing 5% bovine serum and 0.8% gum tragacanth (Mirchamsy & Rapp, 1968) . Monolayers were stained at 6 days post-inoculation with 0-2 % crystal violet containing 2 % formaldehyde.
Electron microscopy. Preparations of virus were negatively stained with 2% phosphotungstic acid pH 7.5 (Brenner & Horne, 1959) and examined in a Philips 201 electron microscope.
Protein determination. Protein was determined by the method described by Lowry et aL (1951) using bovine serum albumin as a standard. Alternatively, adsorption at 280 nm was used to obtain the relative amount of protein in fractions from sucrose or CsC1 gradients.
Density of virus. Density of virus preparations in sucrose or CsC1 was obtained from the refractive index, with the use of an Abbd refractometer.
Chemicals. PEG 6000 was obtained from Fisher Scientific. Ficoll, dextran T10 (Dex 10, mol. wt. 10000) and TT0 (Dex 70, mol. wt. 70000) were obtained from Pharmacia. Ultra-pure sucrose and tris were obtained from Schwarz/Mann. All other chemicals were reagent grade.
Procedure for the purification of MCFV. The procedure for the purification of MCFV is outlined in Table 1 . In brief, 10% (w/v) PEG and 8% (w/v) Dex I0 were added to supernatant fluid harvested from BT cultures infected with MCFV. The ionic concentration of the virus suspension was primarily that found in Hanks' salts solution. After phase separation, the dextran layer was diluted four times in tris-saline (150 mM-NaC1, 10 mM-tris-HCl pH 7.4), followed by centrifugation through a 20% (w/v) Ficoll cushion. Tris-saline was the suspending medium for Ficoll, sucrose and CsC1. After suspension of pelleted virus in 60 % (w/w) sucrose, a 30 to 55 % (w/w) sucrose gradient was layered on top of the sucrose cushion. The gradient was centrifuged for 17 h at 17000 rev/min at 5 °C. Alternatively, centrifugation by flotation in 15 to 35 % (w/w) CsC1 as described by Lawrence (1976) was also satisfactory. Further purification was achieved by a second centrifugation in a preformed 15 to 35 % (w/w) CsCI gradient for 2 h at 17000 rev/min in an SW27.1 or SW50.1 rotor.
RESULTS

Plaque formation of MCFV and morphology in the electron microscope
The WC 11 strain of MCFV produced plaques on bovine thyroid monolayers. Plaques were visible at 4 days post-inoculation and reached a maximum size and number at 6 days post-inoculation. Plaques at 6 days post-inoculation ranged in size from 0-5 to 1.5 mm in diam. and size was not affected by addition of 50 to 200 ~g DEAE-dextran in an agar overlay medium. Plaque number was proportional to dilution. Virus titres of the supernatant fluids from MCFV-infected BT cells were generally 1 x 106 p.f.u./ml. In the electron microscope, extracellular virus ranged in diam. from 140 to 200 nm, while the inner nucleocapsid size ranged from 85 to 100 nm ( Fig. 1 a) , in general agreement with the results of Plowright et al. (1965) . The envelopes of many of the virions appeared to have a slightly bulged appearance. The width of the outer membrane ranged in size from 8 to 10 nm.
Stability of MCFV
No appreciable loss in titre occurred between pH 6 and 8 when MCFV was suspended in 100 mM-phosphate buffer and heated at 37 °C for 30 min (Fig. 2) . Virus survival was calculated as the percentage of virus infectivity present after treatment for 30 min compared to the 0 min control. A sharp drop in survival from 63 to 2.8 % occurred between pH 5-5 and 5 respectively. The drop appeared to be due primarily to the pH effect since the change in sodium concentration between pH 5 and 5.5 in the citrate-phosphate buffer is not great. Survival of virus at pH 9 was 4 % in the presence of 100 mM-tris-HC1 or 100 mM-sodium carbonate buffer. If 150 mM-NaCI was added to 100 mM-tris, at pH 8.5 and 9, survival was 94 and 89 % respectively. The effect of NaCI in sodium phosphate pH 7-2 and tris-HCl pH 7.4 buffers was examined in another experiment. Two concentrations (I0 and 100 mM) of each buffer in the . Stability of MCFV treated for 30 rain at 37 °C in a 100 mM buffer from pH 4 to 10. Buffers used were citrate-phosphate pH 4 to 6-5, sodium phosphate pH 7 to 8, and sodium carbonate pH 9 to 10-5 (Gomori, 1955) , and were equilibrated at 37 °C. At 0 time, virus was added to the buffer, and the tubes were incubated for 30 min at 37 °C. Samples were removed at 0 time and 30 min and diluted 1/10 in cold phosphate-buffered saline. Percentage survival was calculated from the titre at 30 min divided by the titre at 0 rain and multiplied by 100. presence or absence of 150 mM-NaC1 were used. Virus was incubated at 45 °C for 30 min and survival calculated as before. Survival in 10 raM-sodium phosphate buffer was 9 %, which increased to 44% when 150 mM-NaC1 was added to the buffer, while survival in 100 mM-sodium phosphate was 53 %. Only 0.25 % of the virus survived in tris-HC1 buffer alone, which was increased to 50 and 68% when 150 mM-NaCI was added to 10 raM-and 100 mM-tris-HCl respectively. Sodium ions apear to have a stabilizing effect on the virion. Other cations such as K + and Mg 2÷ may substitute for Na +. Virus survival in 10 mM-tris-HCl pH 7.5 was 41% when 100 mM-KCI was added to the buffer and 100% when 10 mM-MgCI 2 was added to the buffer. No infectious MCFV was recovered in a solution containing 2 M-urea, 100 mM-NaC1 and I0 mM-tris-HCl at pH 7.5, which had been used in the purification of herpes simplex virus (Spear & Roizman, 1972) . As a result of the above, all solutions used to suspend the virus during purification contained 150 mM-NaC1 and 10 mM-tris-HC1 pH 7.4. MgC12 was not used since divalent cations tend to aggregate virus.
. S C H L O E R A N D S. S. B R E E S E , JR
Optimal PEG concentration for the precipitation of MCFV
PEG was added directly to the supernatant fluid. Precipitation of virus occurred after stirring on an automatic mixer for 1 h at 5 °C. Most of the virus was precipitated between 6 and 10 % (w/v) PEG (Fig. 3) . Recovery of the virus in the presence of PEG was nearly 100 %. At PEG concentrations below 6 % and above 12%, most virus was found in the supernatant fluid, not in the precipitate. PEG caused virus to aggregate into large clumps which were visible macroscopically as well as in the electron microscope. Virus aggregated by PEG did not separate as well-defined bands on sucrose, dextran, tartrate or CsCI gradients. Flotation in 15-30% 7.5 × 107 3 22.5 (w/w) CsCI * Details of purification procedure are found in Table 1 . t Virus recovery is based on the total amount of virus, measured in p.f.u., recovered after treatment compared to the input virus expressed as a percentage.
Aqueous phase separation of MCFV in PEG and dextran
Dextran was used for phase separation experiments because of its low osmolarity and lack of ionic charge. Two criteria were used to select the optimal dextran phase system: (i) low partition coefficient or K value and (ii) minimal volume in the dextran phase. Both PEG and dextran were added directly to supernatant fluid harvested from infected BT cultures. Phase separation occurred after stirring at 5 °C overnight. The partition coefficients at different concentrations of PEG and dextran are shown in Table 2 . Optimal separation as indicated by a low K value is seen with 8 % (w/v) PEG and 8 % (w/v) Dex 10 or 6 % (w/v) Dex 70. Decreased volume in the Dex 10 phase made it the dextran of choice. Separation was not improved with the use of Dex 500 (results not shown). The partition coefficients varied between experiments. Temperature was found to affect separation, the optimal being between 20 and 25 °C. The phases were more clearly seen when the dextran phase was about 20 % of Purification of African malignant catarrhal fever 107 the total volume. In later experiments, the useful concentration was found to be 10 % (w/v) PEG and 8 % (w/v) Dex.
Phase separation wias an initial step in the concentration and purification of extracellular virus present in supernatant fluid. Virus recovery in the dextran phases was always high and often exceeded 100% based on the titres of the input virus (Table 3) . Virus in the dextran phase occurred as well-separated virions with no evidence of aggregation (Fig. 1 b) . Absence of aggregation in the dextran phase may account for recoveries exceeding 100 %.
Effect of centrifugation of virus through a cushion
Virus from the dextran phase was centrifuged through a 20 % Ficoll or sucrose cushion, which served as an additional concentration and purification step. Both the concentration of protein and virus infectivity were determined on samples before and after centrifugation. In the dextran phase, the p.f.u, per/,tg of protein was 1 × 102, which increased to 2 × 104 to 5 x 104 after virus was centrifuged through a 20 % (w/w) sucrose cushion. Virus centrifuged in the absence of a cushion had a 10-fold increase in the p.f.u./protein ratio compared to a > 100-fold increase in the presence of a cushion.
Some improvement in virus recovery was found with the use of a 20 % Ficoll cushion compared to a sucrose cushion. Recovery of virus was estimated from the total amount of virus present after a purification step compared to the total amount present in the supernatant fluid (input virus). Recovery of virus after centrifugation on a 20 % (w/w) sucrose cushion ranged from 20 to 45 % compared to 30 to 60% found after centrifugation through a 20% (w/v) Ficoll cushion.
Factors which affect purifieation of virus after equilibrium eentrifugation by flotation in sucrose or CsCl gradients
The density of virus associated with the peak of absorbance and infectivity was dependent on the type of gradient used for centrifugation. After equilibrium centrifugation in sucrose the principal peak was at a density of 1.20 g/ml, while in CsC1 the principal peak was at a density of 1.27 to 1.28 g/ml (1.273 g/ml in the absence of a Ficoll cushion and 1.278 g/ml in its presence) (Fig. 4) . In sucrose a secondary peak was found at a density of 1.23 g/ml, which was somewhat less in virus centrifuged through a Ficoll cushion. The secondary peak may have resulted from virion disruption. The use of a Ficoll cushion in the large tubes used for fixed-angle GSA rotor in contrast to the smaller tubes used for the swinging buckets of the SW27.1 rotor may have decreased the effectiveness of the Ficoll cushion and increased virion breakdown. In this experiment, virus recovery, as measured by infectivity on CsCI and sucrose, was similar, being 3 and 5 % of the input virus respectively.
In some cases virus fluids were harvested and allowed to stand in the cold for 1 month prior to purification. After equilibrium centrifugation by flotation in a 30 to 60 % sucrose gradient the principal peak of absorbance was found at a density of 1.23 g/ml. The minor peak, containing most of the infectious virus, was found at a density of 1.20 g/ml. It appeared that virions were disrupted spontaneously after storage in the cold.
In another experiment virus from the Ficoll layer was centrifuged to equilibrium by flotation in a 30 to 60 % (w/w) sucrose gradient. A uniform peak was seen at a density of 1.20 g/ml which coincided both with the peak of absorbance at 280 nm and of infectivity (Fig. 5) . The secondary peak at 1.23 g/ml found in most preparations from the Ficoll pellet was not seen. Recovery of the virus on this gradient was 34 % of the total virus loaded on to the gradient. Table 1 , except as follows. After phase separation virus was divided into two parts. One part was concentrated by centrifugation through a 20% (w/v) Ficoll cushion ( ); the second part was concentrated in the absence of a Ficoll cushion (---). Thereafter, virus was centrifuged to equilibrium by flotation in (a) 30 to 60% (w/w) sucrose gradient or in (b) a 15 to 36% (w/w) CsCI gradient. Table 1 . O, Absorbance at 280 nm; O, refractive index; --.--, infectivity. A uniform peak was found at a density of 1.195 g/ml.
Recovery of MCFV throughout the purification procedure
Virus recovery throughout the purification procedure is shown in Table 3 . Despite the high recovery seen in the dextran phase, electron micrographs showed some discontinuity of the external membrane in the virion (Fig. 1 b) . One of the particles had two nucleocapsids within a single envelope. This type of particle was seen only rarely. Some loss in infectious virus occurred after initial centrifugation through 20% (w/v) Ficoll. Recovery in the combined Ficoll pellet and Ficoll layer was 49 % (Table 3 ). Recovery of virus was affected by storage of supernatant fluids at 4 °C for several weeks.
Recovery of virus from peak fractions after centrifugation to equilibrium on sucrose gradients was generally 10%, but ranged from 4 to 15 % of the initial input virus. Recovery on CsCl gradients was similar to that found on sucrose gradients, ranging from 3 to 23 % of the input virus. Examination of virus from the peak fractions showed intact virions as well as debris (Fig. 1 c) . Debris may represent material from the tegument as originally described by Spear & Roizman (1972) . Groups of intact nucleocapsids were also seen in the same peak fractions (Fig. 1 d) . An inner core was evident in most nucleocapsids. Some fine projections extended from the surface of the structure which may be a part of the fibrous tegument. It appears that the envelope is ruptured readily while nucleocapsids appear to remain intact. Additional purification of the virus was obtained when virus from the peak fractions on sucrose or CsC! gradients was centrifuged by flotation on a 15 to 35 % (w/w) CsC1 gradient. In one experiment, recovery of the virus on the second gradient was 10% of the input virus from the peak fraction. The heterogeneity often found after centrifugation in the initial gradient was eliminated. The density of virus at the peak fraction was 1.27 g/ml, which was also found in the initial CsC1 gradient.
DISCUSSION
Aqueous phase separation is a gentle procedure which concentrates and partially purifies extracellular MCFV without loss of virus infectivity. Initial concentration is necessary since MCFV titres are consistently low. Moreover, concentration of MCFV by ultracentrifugation results in mixtures of virions and host material which are not readily resolved on sucrose, dextran or tartrate gradients (G. M. Schloer & S. S. Breese, unpublished observations). Both Adams (1973) and Perdue et al. (1974) have used PEG to concentrate Epstein-Barr virus and equine herpes type 1 virus (EHV-1) respectively. Both PEG and NaCl as well as PEG and dextran systems concentrate as well as partially purify viruses (McSharry & Benzinger, 1970; Phillipson, 1969; Shichijo, 1976) . Separation in the dextran phase retains the infectivity of MCFV and produces a uniform suspension of virus in contrast to the virus aggregates produced by PEG alone. Additional purification of virus was achieved by centrifugation through a cushion, prior to ultracentrifugation of MCFV in either sucrose or CsC1 gradients.
Most purification procedures for herpesviruses result in loss of infectivity after ultracentrifugation in different types of gradients. Flotation of virus during equilibrium centrifugation has been employed to retain virus infectivity. Virus recovery by flotation in sucrose gradients was 3.8% of the input virus in the case of HSV-1 (Spear & Roizman, 1972) . Greater recovery was found in the case of EHV-I, where 30% of infectivity was retained after flotation in CsCl gradients (Lawrence, 1976) . Others have used colloidalcoated silica gradients to decrease osmotic effects during centrifugation. Recovery of HSV-I after centrifugation in Percoll was 30% (Svennerholm et al., 1980) , while recovery in a colloidal silica and PEG gradient was 55 to 70% (Vahlne & Blomberg, 1974) . In both of these studies intracellular virus was purified. Recovery of MCFV after centrifugation by flotation on CsC1 or sucrose varied from 3 to 23 % of the input virus. Our method is satisfactory for the purification of several litres of extracellular virus.
Loss of infectivity during centrifugation may be due to changes in osmotic pressure as the virion traverses the gradient during centrifugation. HSV-I was reported to be sensitive to rapid changes in osmotic pressure (Barnhart & Ash, 1975) . The requirement for cations as well as the stability in a narrow pH range suggests that the MCF virion may also be readily disrupted. This may account for the few intact virions seen in many of the preparations from the peak fractions in sucrose or CsC1 gradients. Greater density of virus at peak fractions in CsCl compared to sucrose may also be due to the penetration of caesium ions into the relatively permeable envelope of MCFV. We found no evidence of a host membrane which bands at a density of 1.14 g/ml in the presence of high-salt sucrose gradients, as found with EHV . It is possible that phase separation effectively removes host components from the virions, since separation in a dextran and PEG system has been used to separate host membranes from cell organelles (Brunette & Till, 1971) . Future studies will involve the use of rabbit antisera prepared from purified virus for the laboratory diagnosis of MCFV.
